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ABSTRACT 

This report documents the results of investigations into the 
J 
selative transport capabilities of chemically-fueled upper stages using 

cryogenic and storable propellant combination& these stages being de- 

signed to meet the same space mission objectives in a near optimum 

-. 

.J 
. ..-+-- 

manner. 

A terminal maneuver after a coast period characterizes the missions 

forming the basis of comparative evaluations. 

propellant combinations, space storage methods, and thermal insulation 

Various stage weights, 

systems are considered. 

V 
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I. SUMMARY 

A .  PURPOSE AND SCOPE 

The major purpose of  this work i s  t o  u t i l i z e  the most r e c e n t  

knowledge i n  cryogenic  technology i n  a p p l i c a t i o n  t o  upper s t a g e  space 

v e h i c l e s  u s ing  cryogenic  p rope l l an t s  i n  o rde r  t o  b e t t e r  d e f i n e  the  

t r a n s p o r t  c a p a b i l i t i e s  of these v e h i c l e s  compared wi th  those us ing  

space s t o r a b l e  p r o p e l l a n t s  i n  a miss ion  spectrum r e p r e s e n t a t i v e  of 

NASA's f u t u r e  programs. 

The major c r i t e r i o n  f o r  comparative eva lua t ion  is the  d e l i v e r a b l e  

payload. A t e rmina l  maneuver a f t e r  a coas t  per iod  c h a r a c t e r i z e s  the  

missions considered.  The mission spectrum of i n t e r e s t  inc lude  the  

l u n a r ,  s o l a r ,  Mercury, Venus, Mars, and J u p i t e r  probe. The l i q u i d  

p r o p e l l a n t  combinations considered are: 

A50 - N204 
7) B2H6 - OF2 

-. 
Lne s i z e  of the s t a g e s  considered i n  our eval i ia t ion  range from 

6000 t o  40,000 pounds a t  departure  from e a r t h  o r b i t .  The weight pen- 

a l t i e s  a s soc ia t ed  wi th  va r ious  space s to rage  methods and thermal i n -  

s u l a t i o n  systems f o r  the  cryogenic p r o p e l l a n t s  as based on the  s ta te-  

o f - t h e - a r t  technology and foreseeable  ex tens ions  of t h a t  a r t  are i n -  
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v e s t i g a t e d  as p a r t  of t h i s  s tudy .  

technologica l  problems a s soc ia t ed  wi th  the a p p l i c a t i o n  of s p e c i f i c  

p r o p e l l a n t  combinations a r e  discussed.  

B . CONCLUS IONS 

I n  a d d i t i o n ,  s p e c i a l  ope ra t iona l  and 

The t r a n s p o r t  c a p a b i l i t i e s  of upper s t a g e  space v e h i c l e s  us ing  

h igh  energy cryogenic  p rope l l an t s  should exceed those using e a r t h  

s t o r a b l e  p r o p e l l a n t s  i n  a number of missions w i t h i n  the  spectrum of 

NASA's i n t e r e s t .  The weight p e n a l t i e s  imposed by the  need f o r  thermal 

p r o t e c t i o n  of  the  cryogenic  tankage due l o s s e s  through bo i l -o f f  ( i f  any) 

depend on the mission requirement and on the  p r o p e l l a n t  combination, 

b u t  i n  a preponderance of cases  inves t iga t ed  they a r e  no t  so g r e a t  as t o  

obv ia t e  the  b a s i c  payload advantage a t t e n d a n t  t o  t h e  use of high s p e c i f i c  

impulse p r o p e l l a n t  combinations. 

I n  a l l  cases  i n v e s t i g a t e d ,  the use of hydrogen-fluorine o r  diborane-  

oxygen d i f l u o r i d e  r e s u l t e d  i n  the l a r g e s t  payloads,  and, wi th  very  few 

except ions ,  where one promised t h e  g r e a t e r  t r a n s p o r t  c a p a b i l i t y  the  o t h e r  

w a s  next  i n  rank o rde r .  The supe r io r  s p e c i f i c  impulse given by the  hy- 

drogen-f luor ine  p r o p e l l a n t  combination is  r e spons ib l e  f o r  i t s  p o s i t i o n .  

An e x c e l l e n t  s p e c i f i c  impulse, a r e l a t i v e l y  h igh  d e n s i t y  s t o r a g e ,  and 

a r e l a t i v e l y  good space s t o r a b i l i t y  are q u a l i t i e s  which account f o r  t he  

promise shown by the  aiborane-oxygen c l i f h o r l d e  co~bination. 

I n  t h e  g r e a t e s t  major i ty  of cases i n v e s t i g a t e d ,  use of a f u l l y  

mixed, non-vented space s to rage  of t he  cryogenic  p r o p e l l a n t s  led t o  a 

g r e a t e r  d e l i v e r a b l e  payload than r e s u l t e d  from vented s to rage .  For 

t h i s  reason ,  t he  t r ade -o f f s  between increased  payload and t h e  more 
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cumbersome and expensive ground-handling equipments and procedures and 

necessary mixing devices  a s soc ia t ed  wi th  the non-vented s t o r a g e  method 

deserves  f u r t h e r  a t t e n t i o n .  

No s u b s t a n t i v e  i n v e s t i g a t i o n  of the problems i n h e r e n t  t o  the 

handl ing of hydrogen-fluorine or diborane-oxygen d i f l u o r i d e  p r o p e l l a n t s  

has been made. We note  the technology of handl ing hydrogen-fluorine 

i s  much f u r t h e r  advanced, bu t  f u l l e r  knowledge of t he  handl ing problems 

a r e  r equ i r ed  i n  the i n t e r p r e t a t i o n  of t he  r e su l t s  p re sen ted ,  

There i s  no c u r r e n t  p r a c t i c e  f o r  thermally p r o t e c t i n g  space-borne 

cryogenic  p r o p e l l a n t  tankage. The methods of thermal p r o t e c t i o n  and the  

weight p e n a l t i e s  a s s o c i a t e d  with them t h a t  a r e  f a c t o r e d  i n t o  t h i s  s tudy 

are based on c u r r e n t  developments i n  t h i s  a r e a  and r e f l e c t  t h e i r  l o g i c a l  

culminat ion.  

3 



11. METHODS 

BAS IS A .  - 
The p r e s e n t  s tudy i s  aimed a t  determining,  f o r  v a r i o u s  p r o p e l l a n t  

combinations,  the payload mass de l ive red  i n  va r ious  missions by an 

upper s t a g e  having a given mass a t  e a r t h  escape. The payload mass i s  

h e r e i n  de f ined  as t h a t  remaining a f t e r  the masses of components nec- 

e s s a r y  f o r  t he  mission are deducted from the e a r t h  escape mass (or  g ross  

mass) of the upper s t a g e  v e h i c l e .  

The mission begins a t  e a r t h  escape,  cont inues through the c o a s t  

p e r i o d ,  and ends i n  a t e rmina l  maneuver. The t e rmina l  maneuver r e q u i r e s  

p r o p e l l a n t  and the a s s o c i a t e d  hardware: tankage, engine assembly, 

p r e s s u r i z a t i o n  and expu l s ion  systems, and t h r u s t  s t r u c t u r e .  The thermal 

environment during groundhold, e a r t h  a s c e n t  and c o a s t  impose the need of 

thermal p r o t e c t i o n  f o r  p r o p e l l a n t  tankage, p a r t i c u l a r l y  i n  the  case of 

cryogenic  f l u i d s .  E a r t h  a scen t  t h r u s t  and moments impose s t r u c t u r a l  

requirements t h a t  a r e  more severe than  those a s s o c i a t e d  wi th  terminal  

t h r u s t ,  and u s u a l l y  c o n t r o l  i n  the des ign  of the upper s t a g e  s t r u c t u r e .  

For the purpose of the s tudy,  the mission i s  t y p i f i e d  by: a c o a s t  

p e r i o d ,  y o ;  a t i m e  i n t e g r a l  of s o l a r  f l u x  i n t e n s i t y ,  ITo; and a t e r -  

minal v e l o c i t y  increment, A V 

The v e h i c l e  i s  t y p i f i e d  by i t s  e a r t h  escape mass, o r  g ross  mass, 

MG, and i t s  conf igu ra t ion .  

r e f e r e n c e  i n  our s tudy  i s  shown i n  F igu re  1. 

The conf igu ra t ion  used c o n s i s t e n t l y  as a 

4 
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Since the e f f e c t  of choice of p r o p e l l a n t  combination i s  t o  be i n -  

v e s t i g a t e d ,  the p r o p e l l a n t  cannot be c h a r a c t e r i z e d  r e a l i s t i c a l l y  by 

one o r  two simple parameters.  Rather,  each p r o p e l l a n t  combination must 

he considered i n  terms of i t s  own p r o p e r t i e s  (optimum o x i d i z e r - t o - f u e l  

r a t i o  O/F and the corresponding s p e c i f i c  impulse I , r e l a t i o n s h i p  

between d e n s i t y  and o t h e r  thermodynamic p r o p e r t i e s ,  normal b o i l i n g  

p o i n t ,  c r i t i c a l  temperature,  e t c . ,  f o r  the f u e l  and f o r  the o x i d i z e r ) ,  

SP 

which e n t e r  a t  d i f f e r e n t  p o i n t s  i n  the  a n a l y s i s .  

1. General Method 

The gene ra l  method app l i ed  i n  t h i s  s tudy is  as fol lows.  F i r s t ,  

a s e t  of parameters d e f i n i n g  a mission and a g ross  mass i s  chosen: 

A V ,  To, I z0, MGo Next, t he  payload c a p a b i l i t y  corresponding t o  

t h i s  s e t  i s  determined f o r  each p r o p e l l a n t  combination l i s t e d  i n  Sec- 

t i o n  I A .  

F r o m A V ,  I and M the  mass of u s e f u l  p r o p e l l a n t ,  %, re- SP G’ 

qu i r ed  f o r  the t e rmina l  maneuver i s  determined. 

t h e  u s e f u l  masses of f u e l ,  b$,  and of o x i d i z e r ,  Mox, are found. 

From the O/F r a t i o ,  

From b$,  Mox, I ‘ y o ,  T o ,  the  thermodynamic p r o p e r t i e s  of the 

f u e l ,  and cons ide ra t ions  leading t o  t h e  b e s t  thermal p r o t e c t i o n  system, 

t h e  ( s p h e r i c a l )  tank diameters ,  D 

If any, and the b e i l - c f f  l o s s e s ,  MB0, i f  any, are c a l c u l a t e d ,  as w e l l  

as the mass of the tanks and expulsion system, yI.x. 

s t a g e  dimensions are approximated. 

?LNS and DOX, mass of i n s u l a t i o n ,  F 

Also ,  the  upper 

We have considered a terminal t h rus t - to -ea r th -we igh t  r a t i o  equa l  

t o  u n i t y .  Thus, t he  t h r u s t  i s  determined from %. The engine weight ,  

6 



%, i s  found t o  depend, t o  f i r s t  o rde r ,  only on t h r u s t ,  hence, on ly  

on M G o  
From 1 O/F, and the t h r u s t ,  the mass flow rates of the f u e l  and 

o x i d i z e r  are found; i n  conjunction wi th  the d e n s i t i e s  of t hese  c o n s t i t -  
SP' 

uen t s ,  t h i s  permits  a c a l c u l a t i o n  of the  mass of the turbopump assembly, 

%PA 

A maximum boost  a c c e l e r a t i o n  of 8 g ,  and a maximum l a t e r a l  accel- 

e r a t i o n  of 2 g, have been assumed c o n s i s t e n t l y .  Th i s ,  t oge the r  w i th  

the va lues  of the component masses, t h e i r  d i s t r i b u t i o n  i n  the s t a g e ,  

and t h e  v a r i o u s  dimensions found, a l lows the mass of the s t r u c t u r e ,  

t o  be c a l c u l a t e d .  M~~~ , 
Once the masses d i scussed  above a r e  found, t he  r e s i d u a l  a v a i l a b l e  

5 ,  mass i s  found by s u b t r a c t i n g  from M the  sum of a l l  t he  o t h e r s :  

TNs, Ms0, M,,,,, s, 
payload I$L, and w i l l ,  of course,  i nc lude  any e l e c t r o n i c  equipment, 

G 
and MsTR. This  d i f f e r e n c e  w i l l  be c a l l e d  the 

such as guidance. 

2 .  Parametr ic  Study 

W e  have app l i ed  the general  method j u s t  o u t l i n e d  t o  a number of 

missions de f ined  by combinations of t he  parameters 

%, wherein each of t hese  was va r i ed  over an i n t e r e s t i n g  range of 

v a h c s .  For each set, the payload w a s  c a l c u l a t e d  f o r  each of the seven 

A V ,  I Z o ,  and 

p r o p e l l a n t  combinations. 

The parametr ic  s tudy has a th ree - fo ld  purpose. F i r s t ,  i t  al lows 

t h e  coverage of a wide range of i n t e r e s t i n g  cases. Second, i t  shows 

t h e  e f f e c t  of changes i n  one parameter w i th  the o t h e r s  f i x e d .  Th i rd ,  

7 

drthur D.%trlc,3nt. 



i t  permits  i n t e r p o l a t i o n  when a s p e c i f i c  mission i s  being considered 

involving in t e rmed ia t e  va lues  of the parameters.  

I n  t h i s  parametr ic  s tudy,  only non-vented s t o r a g e  w a s  considered.  

Also,  no s p e c i a l  account w a s  taken of h e a t  inleakage through c e r t a i n  

s m a l l  f i xed  conductive pa ths  and hea t  sources .  These l i m i t a t i o n s  were 

imposed only by r e s t r i c t i o n s  t o  the scope and e f f o r t  of the program. 

The ranges of t he  parameters have been s e l e c t e d  t o  exclude most cases 

where the e f f e c t  of the f ixed  hea t  l eaks  cannot be neglected (e .g . ,  small  

v e h i c l e s  s e n t  on missions of long d u r a t i o n ) .  

3 .  Study of S p e c i f i c  Missions 

A study of s i x  s p e c i f i c  missions w a s  made. Four of these involved 

c a p t u r e  i n  a 300-nautical-mile c i r c u l a r  o r b i t  around the p l a n e t s  Mercury, 

Venus, Mars, and J u p i t e r .  

f e r  t o  a permanent c i r c u l a r  o r b i t  around the  sun a t  a r ad ius  of 0.3 

astronomical  u n i t .  The o t h e r  mission involves  a d i r e c t  landing on the 

One mission is  a s o l a r  probe involving t r a n s -  

moon 

I n  the s tudy  of these missions,  both vented and non-vented cryogenic 

s t o r a g e  were considered. 

i n l eakage .  

Account w a s  a l s o  taken of a l l  sources of h e a t  

For each mis s ion ,  t h ree  values  of M were considered. The va lues  G 

of D V, T, < and y were c a l c u l a t e d  f o r  r e p r e s e n t a t i v e  cases, i .e .  , 

those c i t e d  i n  contemporary analyses  of unmanned missions,  and p r o j e c t e d  

f o r  reasonable  depa r tu re  d a t e s .  

4. S p e c i a l  Missions 

We have a l s o  considered two s i t u a t i o n s  i n  which the manner of 

0' 0 
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accounting f o r  the s t a g e  components d e v i a t e s  from the  o rd ina ry  case .  

The corresponding missions were chosen so  t h a t  the d e v i a t i o n s  lead t o  

the most s i g n i f i c a n t  changes i n  the r e s u l t i n g  payload. 

The f i r s t  s i t u a t i o n  i s  t h a t  where the s t r u c t u r e  has been designed 

so  t h a t  an apprec i ab le  f r a c t i o n  of  i t  can be j e t t i s o n e d  j u s t  be fo re  the 

terminal  maneuver. This  r e su l t s  i n  reduced p r o p e l l a n t  requirements and 

accompanying changes i n  the masses of tankage, s t r u c t u r e ,  e t c .  A t  a 

f i x e d  M the r e s u l t  i s  an increase i n  payload. G' 

The second s i t u a t i o n  i s  t h a t  i n  which the s t a g e  escapes from e a r t h  

a f t e r  having been a c t i v e  previously,  so t h a t  t h e  tanks are only p a r t l y  

f u l l ,  ( o r ,  conversely,  the tanks are much l a r g e r  than necessary) .  This 

r e s u l t s  i n  a l a r g e r  v e h i c l e ,  w i t h  i nc reased  masses of tanks,  i n s u l a t i o n ,  

s t r u c t u r e ,  e t c . ,  and a consequent decrease i n  payload a t  f i x e d  M 

The o v e r a l l  e f f e c t  can be f u l l y  assessed only i f  account i s  taken o f  

the performance of previous s t a g e s ,  which i s  beyond t h e  scope of t he  

p r e s e n t  s tudy.  

B PROPERTIES 

G' 

Table I l i s t s  some phys ica l  p r o p e r t i e s  of the p r o p e l l a n t s  t h a t  

are introduced i n t o  our  eva lua t ions  t o  an  accuracy adequate f o r  our  

purposes 

Figure 2 i l l u s t r a t e s  the i n t e r n a l  energy change of the s a t u r a t e d  

l i q u i d  cryogenic  p r o p e l l a n t s  vs. p r e s s u r e .  These r e l a t i o n s h i p s  are 

used i n  the de t e rmina t ion  of i n s u l a t i o n  requirements i n  cases  of non- 

vented cryogenic  s t o r a g e  as discussed i n  a succeeding s e c t i o n .  The 

p o r t i o n  of t he  curves shown dotted i n d i c a t e  e x t r a p o l a t i o n  of a v a i l a b l e  

measured d a t a .  
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C INSULATION REQUIREMENTS 

The problem i s  t o  de f ine  an optimum thermal p r o t e c t i o n  system f o r  

the cryogenic tankage t h a t  w i l l  l i m i t  the  l o s s  of cryogen a f t e r  launch 

and t h a t  w i l l  wi thstand a l l  t he  r i g o r s  of environment du r ing  the  e n t i r e  

mission p r o f i l e .  The optimum thermal p r o t e c t i o n  system would be one 

which w i l l  perform r e l i a b l y  and introduce a minimum weight pena l ty ,  

The weight p e n a l t y  a s soc ia t ed  wi th  the thermal p r o t e c t i o n  system 

inc ludes  the weight of a l l  components necessary f o r  thermal cond i t ion ing  

t h a t  a r e  c a r r i e d  i n t o  space and the weight o f  unava i l ab le  cryogen t h a t  

i s  l o s t  through ven t ing  and outage. I n  g e n e r a l ,  t h e r e  i s  an  a d d i t i o n a l  

p e n a l t y  which i s  the i n c r e a s e  i n  weight of the tank and expuls ion system 

and s t r u c t u r e  s i z e d  t o  handle the p r o p e l l a n t  f r a c t i o n  t h a t  i s  l o s t  

through ven t ing  and t o  c a r r y  the weight of i n s u l a t i o n ,  

There are two b a s i c  c l a s s e s  of thermal i n s u l a t i o n  systems which are  

cons ide red ,  h e r e i n a f t e r  r e f e r r e d  t o  as Class A and Class B systems. 

Both of these systems use a m u l t i f o i l ,  evacuated,  r a d i a t i o n - s h i e l d  type 

of conf igu ra t ion  t o  minimize heat l eaks  during the s t a y  t i m e  i n  space,  

The Class A system makes use of a l i g h t  weight vacuum type encapsu la t ion  

( say  a Mylar bag) which al lows for the maintenance of an  accep tab le  

vacuum during ground-hold and boost-out.  I n  such a system, as long as 

the vgccum i n t e g r i t y  nf t he  bag i s  preserved,  the h e a t  inleakage t o  the  

hydrogen v e s s e l  can be maintained w i t h i n  accep tab le  l i m i t s  dur ing these  

p o r t i o n s  of the mission. On the o t h e r  hand, the Class B system uses a 

p l a s t i c  foam (co rk ,  p l a s t i c  honeycomb, o r  equ iva len t )  t o  l i m i t  the  h e a t  

leakage during ground-hold and boost-out.  I n  the Class B system the 

1 2  



m u l t i f o i l  i n s u l a t i o n  i s  app l i ed  d i r e c t l y  on top of the foam and i s  pur- 

ged wi th  helium t o  prevent contamination wi th  the condensible  gas con- 

s t i t u e n t s  of a i r ,  and t h i s  p a r t  of the system provides only a small  mar- 

g i n  o f  thermal p r o t e c t i o n  u n t i l  it becomes evacuated i n  space.  The 

Class A system may be regarded as a l e a s t  weight c o n f i g u r a t i o n ,  b u t  the 

e f f i c a c y  of a vacuum-tight vacuum bag i s  ques t ionab le .  

I n  both these  systems, the m u l t i f o i l  component of t he  i n s u l a t i o n  

sys  tern i s  determined by the space s t o r a g e  requirement Weight optimi- 

z a t i o n  of t h i s  component f o r  a vented system depends on the mission. 

For t h e  simple f i r i n g  schedule required t o  s a t i s f y  the missions forming 

t h e  b a s i s  of t h i s  s tudy ,  i t s  weight should be made ve ry  n e a r l y  equa l  t o  

the  loss of cryogen due h e a t  inleakage through the m u l t i f o i l  b l anke t  

d iv ided  by mass of the v e h i c l e  before and a f t e r  the t e rmina l  maneuver, 

T o  t h i s  f i g u r e  we must add the weight of the p l a s t i c  foam ( o r  i t s  equi-  

v a l e n t )  and the i n s u l a t i o n  r e t e n t i o n  system f o r  the Class B system and 

t h e  weight of t he  encapsu la t ing  and i n s u l a t i o n  r e t e n t i o n  systems f o r  

t h e  Class A type.  

We have s p e c i f i e d  a reasonable l i m i t  t o  h e a t  inleakage du r ing  

2 ground-hold of 100 B t u / h r - f t  To meet t h i s  requirement i n  the case  of 

t h e  Class B system, we assume a thickness  of r e in fo rced  foam of 5 pound 

d e n s i t y  d i r e c t l y  t o  the tank ...all. The thickness  i s  r e g c l a t e d  i n  t he  

case  of each cryogen t o  l i m i t  the h e a t  inleakage t o  the 100 B t u / h r - f t  

f i g u r e  wi th  an ambient of 540 R and an  e x t e r n a l  h e a t  t r a n s f e r  c o e f f i c -  

i e n t  equa l  t o  1 B t u / h r - f t  - R .  This foam l a y e r  i s  c a r r i e d  i n t o  space 

al though i t  provides  comparatively l i t t l e  thermal p r o t e c t i o n  du r ing  

2 

0 

2 0  
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space ope ra t ions .  

I n  the case of the Class A system, the evacuated m u l t i f o i l  insu-  

l a t i o n ,  even though loaded wi th  a one atmosphere p re s su re  a t  the  ground, 

w i l l  l i m i t  the  h e a t  leak  t o  values below 100 Btu /hr - f t  . 2 

During boost-out  the m u l t i f o i l  i n s u l a t i o n  l a y e r s  a r e  r e s t r a i n e d  by 

suppor t ing  n e t s  (we have used v inyl  covered f i b e r g l a s s  n e t s  f o r  t he  pur- 

pose i n  ground based appl ica t ions)  t o  wi ths tand  "g" loads ¶ v i b r a t i o n s  ¶ 

and decompression f o r c e s ,  

tank w a l l  a r e a  has  been app l i ed  t o  account f o r  t h i s  support  requirement.  

P r o t e c t i o n  from aerodynamic loads du r ing  boost-out  are provided by the 

e x t e r n a l  shroud of the propulsion module. Decompression fo rces  a t t e n -  

dan t  t o  the  boost-out phase f o r  t he  ground-purged Class B m u l t i f o i l  

l a y e r s  a r e  l i m i t e d  by pe r fo ra t ion  and/or  c o n t r o l l e d  evacuat ion  of the 

space w i t h i n  the  shroud. The temperature pu l se  r e s u l t i n g  from ae ro -  

dynamic hea t ing  of the  shroud during the  boos t  phase may r equ i r e  s p e c i a l  

thermal p r o t e c t i o n  f e a t u r e s  t o  prevent over  hea t ing  of t he  m u l t i f o i l  

l a y e r s  ( 

i n  t h i s  regard than  t h e  aluminum f o i l  types,, Never the less ,  i n  e i t h e r  

case ,  the  thermal p r o t e c t i v e  f e a t u r e s ,  i f  any,  t h a t  may be r equ i r ed  

should not  in t roduce  a weight pena l ty  s i g n i f i c a n t  t o  our comparative 

analyses. 

A small f i xed  weight pena l ty  per  u n i t  of  

* 
Aluminized Mylar f o i l  s u p e r i n s u l a t i o n  has l e s s  t o l e rance  

During the  c o a s t  per iod i n  space the  h e a t  inleakage t o  the  cryo- 

gen ic  p r o p e l l a n t  tanks i s  l i m i t e d  by the  a p p l i c a t i o n  of the m u l t i f o i l  

r a d i a t i o n  s h i e l d  type of i n s u l a t i o n  and by the  c a r e f u l  des ign  of hea t  

r e s i s t a n t  pa ths  introduced by pene t r a t ions  through the  m u l t i f o i l  b lanket  

* Numbers i n  pa ren thes i s  r e f e r  to r e fe rences  l i s t e d  a t  end of  r e p o r t .  
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necessary f o r  suppor t ,  p ipe connections,  e t c .  

The h e a t  inleakage through the m u l t i f o i l  system i s  c a l c u l a t e d  by 

t r e a t i n g  i t  as a b l anke t  w i th  heat t r a n s p o r t  c h a r a c t e r i s t i c s  i n  a 

d i r e c t i o n  normal t o  the tank wall t h a t  are dominated by thermal r a d i a -  

t i o n  e f f e c t s  and p a r a l l e l  t o  the tank w a l l  by s o l i d  conduction. The 

t o t a l  hea t  i n f l u x  i n  such a system reduces t o  the b l ack  body emission 

from the outermost s h i e l d  of the m u l t i f o i l  l a y e r  d iv ided  by a s h i e l d i n g  

f a c t o r .  This  s h i e l d i n g  f a c t o r  depends on the thermal p r o p e r t i e s  of t he  

s h i e l d  and spacer  combination making up i n s u l a t i o n ,  and i s  very n e a r l y  

p r o p o r t i o n a l  t o  the number of s h i e l d s .  As a consequence, the weight 

of the m u l t i f o i l  i n s u l a t i o n  pe r  u n i t  of area i s  a l s o  p r o p o r t i o n a l  t o  

t h e  s h i e l d i n g  f a c t o r .  Values for  the s h i e l d i n g  f a c t o r  and weight pe r  

u n i t  s h i e l d i n g  f a c t o r  are e s t a b l i s h e d  from t e s t  r e su l t s  on the b e s t  

m u l t i f o i l  i n s u l a t i o n s  p r e s e n t l y  a v a i l a b l e  ( 2 )  

I r r e s p e c t i v e  of the f a c t  t h a t  the temperature of the outermost 

s h i e l d  v a r i e s  widely from loca t ion  t o  l o c a t i o n  ( i . e o ,  from the s u n l i t  

s i d e  t o  the shady s i d e ) ,  i t  i s  v a l i d  t o  t r e a t  the outermost s h i e l d  as 

a n  isothermal  s u r f a c e  equa l  t o  the a d i a b a t i c  w a l l  temperature.  The 

a d i a b a t i c  w a l l  temperature is computed from a h e a t  balance app l i ed  t o  

the  outermost s p h e r i c a l  s h i e l d ;  t he  balance being achieved between the  

abscrbed r i d i a n t  thermal energy from e x t e r n a l  sources  and t h a t  re- 

r a d i a t e d  t o  the space environment. For the missions p r o j e c t e d  i n  t h i s  

i n v e s t i g a t i o n ,  s u n l i g h t  i s  the  dominant e x t e r n a l  s o u r c e ;  t h e r e f o r e ,  

t h e  t o t a l  h e a t  inleakage t o  the tank through the i n s u l a t i n g  blanket  

i s  made p r o p o r t i o n a l  t o  the time averaged s o l a r  i n t e n s i t y  t i m e s  the 
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c o a s t  pe r iod .  We assume the outermost s h i e l d  i s  coated t o  have a r a t i o  

of s o l a r  a b s o r p t i v i t y  t o  emis s iv i ty  a t  i t s  ope ra t ing  temperature of 0 .3 .  

I n  e f f e c t ,  w e  t r e a t  the cryogenic tanks as i f  they were exposed t o  

the space environment; i n  f a c t ,  they a r e  enclosed w i t h i n  a nea r ly  cy- 

l i n d r i c a l  envelope formed by the e x t e r n a l  shroud, the payload and 

engine,  From a h e a t  inleakage s tandpoint  t h i s  enc losu re  i s  p a r t l y  

h e l p f u l  ( the  shroud) and p a r t l y  harmful ( the  near room temperature con- 

d i t i o n e d  payload and perhaps the engine) and t h e i r  combined e f f e c t  i s  

assumed t o  cance l .  F i n a l l y ,  we have degraded the thermal performance 

of the b l anke t  by 20 pe rcen t  from t h e  i d e a l  performance obtained from 

measured d a t a  on c a r e f u l l y  prepared samples t o  account f o r  seams and 

d i s c o n t i n u i t y  made necessary by a p p l i c a t i o n .  

The h e a t  inleakage via  s o l i d  conduction through p e n e t r a t i o n s  i s  

based on the a n a l y s i s  of "weak thermal s h o r t s "  desc r ibed  i n  Reference 

3 I n  the case of a weak thermal s h o r t  t he  i n t e r a c t i o n  between the 

p e n e t r a t i o n s  and surrounding m u l t i f o i l  i n s u l a t i o n  i s  s m a l l  and t o t a l  

h e a t  inleakage can be est imated q u i t e  a c c u r a t e l y  by s u p e r p o s i t i o n .  

The h e a t  l eak  due pene t r a t ions  i s  c a l c u l a t e d  on t h e  b a s i s  of 

s o l i d  conduction v i a  the cryogenic tank suppor t .  This  support  i s  

assumed t o  be made of t i t an ium tension members one f o o t  long wi th  

s u f f i c i e n t  c r o s s  s e c t i o n  t o  support  the p r o p e l l a n t  tank under an  8 g 

load ,  The temperature a t  one terminal i s  the temperature of t he  s t o r e d  

cryogen; t he  temperature of the o t h e r  terminal  i s  the time-averaged 

temperature of the shroud. The time-averaged temperature of the shroud 

is determined by assuming an isothermal c y l i n d r i c a l  s u r f a c e  having an  

16 



a b s o r p t i v i t y  t o  e m i s s i v i t y  r a t i o  of 0 . 3  i n  h e a t  balance wi th  the sun 

sh in ing  normal t o  i t s  a x i s  and r e r a d i a t i n g  t o  the  s t a r - speck led  sky ,  

The h e a t  inleakage ca l cu la t ed  on the  b a s i s  descr ibed  above i s  then mul -  

t i p l i e d  by fou r ,  by way of introducing a f a c t o r  t o  account f o r  uncer- 

t a i n t i e s  and a d d i t i o n a l  hea t  leaks due o t h e r  p e n e t r a t i o n s  such as p ipes .  

I n  t h i s  way, we in t roduce  h e a t  inleakage t o  s to rage  which i s  p ropor t iona l  

t o  the amount of p r o p e l l a n t  s tored  and independent of  the amount of 

m u l t i f o i l  i n s u l a t i o n  which may be app l i ed .  

F i n a l l y ,  we in t roduce  a fixed amount of h e a t  l eak  t o  each cryogenic  

tank  equa l  t o  4 Btu/hr  t o  account f o r  such th ings  as ins t rumenta t ion  and 

i n  order  t o  i n s e r t  a f a c t o r  cons i s t en t  w i t h  experience which i n d i c a t e s  

a p r a c t i c a l  l i m i t  f o r  h e a t  inleakage f o r  cryogenic  tanks of the s i z e  of 

i n t e r e s t  t o  t h i s  s tudy .  

I n  the  case  of the  e a r t h  s t o r a b l e  p r o p e l l a n t s ,  we assume no 

weight  pena l ty  f o r  thermal p ro tec t ive  means al though i t  i s  c l e a r  t h a t  

measures must be incorpora ted  which prevent  these  p r o p e l l a n t s  from 

f r e e z i n g  i n  some ins t ances  o r  exceeding s t o r a g e  tank p res su re  l i m i t s  

i n  o t h e r s .  

D o  SPACE STORAGE OF CRYOGENIC PROPELLANTS 

The long-term s to rage  of cryogenic p r o p e l l a n t s  i n  space depends 

on the  use v i  h i g h l y - e f f e c t i v e  therm1 ins r i la t ion  systems a d ,  ir: 

some c a s e s ,  a u x i l i a r y  r e f r i g e r a t o r s .  The requirements  f o r  fool-proof 

o p e r a t i o n  w i l l  favor  the  use of pas s ive  thermal p r o t e c t i o n  methods, 

b u t  r e l i a b l e  r e f r i g e r a t o r s  can be developed should the  sav ings  i n  

weight  accompanying t h e i r  use be s u f f i c i e n t  t o  warran t  t h e i r  a p p l i c a t i o n .  

17 
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The des igner  of the  thermal p r o t e c t i o n  system f o r  cryogenic  

p r o p e l l a n t  tankage has s e v e r a l  methods f o r  p re se rv ing  the  p r o p e l l a n t  

f o r  the requi red  s to rage  per iod and each mus t  be eva lua ted  f o r  i t s  

s u i t a b i l i t y  i n  the  a p p l i c a t i o n  of h i s  concern. For the  s to rage  of 

q u a n t i t i e s  measured i n  hundreds of pounds o r  more, t h e  b a s i c  op t ions  

reduce to :  1) s to rage  a t  low pressure i n  a vented tank;  2) s to rage  a t  

low, v a r i a b l e  p re s su re  i n  a non-vented tank;  3) combinations of 1) and 

2) ; and 4) s to rage  making use of a u x i l i a r y  r e f r i g e r a t o r s .  A p l u r a l i t y  

of  r e s t r a i n t s  imposed by a p a r t i c u l a r  mission may d i c t a t e  the  s e l e c t i o n  

o f  one of these  methods, but  a most common c r i t e r i o n  f o r  the  choice i s  

minimum t o t a l  system weight.  

I n  the  vented system the heat  inleakage t o  the  s t o r e d  cryogen r e -  

s u l t s  i n  bo i l -o f f  l o s s e s .  These l o s s e s  reduce the p r o p e l l a n t  a v a i l a b l e  

a f t e r  a c o a s t  per iod  and requi re  a s to rage  and expuls ion  system and 

rocke t  s t r u c t u r e  made somewhat l a r g e r  t o  accommodate the  p r o p e l l a n t  

which i s  even tua l ly  l o s t  through vent ing .  The b o i l - o f f  l o s s e s  can be 

reduced by adding i n s u l a t i o n  t o  t h e  p r o p e l l a n t  tanks bu t  a weight pen- 

a l t y  i s  a s soc ia t ed  wi th  t h i s  i n s u l a t i o n  and a p o r t i o n  of the  hea t  i n -  

leakage due t o  pene t r a t ions  for  s t r u c t u r a l  suppor t s ,  p i p e s ,  and i n s t r u -  

mentat ion i s  r e l a t i v e l y  i n s e n s i t i v e  t o  the  th ickness  of the  tank i n -  

s u l a t i n g  b lanket .  

weight  pena l ty  a s s o c i a t e d  wi th  p r o p e l l a n t  loss and i n s u l a t i o n  i s  mini- 

mized. For the  c h a r a c t e r i s t i c  missions of t h i s  s tudy  and where the 

p r o p e l l a n t  loss can be con t ro l l ed  w i t h i n  t o l e r a b l e  l i m i t s ,  thereby 

making the  use of cryogenic p rope l l an t s  f e a s i b l e ,  i t  can be shown 

As might be imagined an  optimum e x i s t s  where the  
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t h a t  the h ighly  e f f e c t i v e  evacuated m u l t i f o i l  i n s u l a t i o n  should be 

app l i ed  i n  an amount nea r ly  equal  t o  the weight  of t h a t  po r t ion  of the  

p r o p e l l a n t  l o s t  due t o  h e a t  inleakage exc lus ive  of pene t r a t ions  d iv ided  

by the  mass of the v e h i c l e  before  and a f t e r  the  te rmina l  maneuver. Our 

c a l c u l a t i o n s  p e r t a i n i n g  t o  vented s t o r a g e  a r e  based on i n s u l a t i n g  

systems which conform t o  t h i s  optimum; f u r t h e r ,  they r e f l e c t  the  weight 

p e n a l t i e s ,  tankage, expuls ion system, and s t r u c t u r e  which r e s u l t  from 

the loss of p r o p e l l a n t  from s torage  and the  weight of the  app l i ed  i n -  

s u l a t i o n .  I n  a l l  cases the cryogenic p r o p e l l a n t  i s  assumed t o  be s t o r e d  

i n  space under s a t u r a t e d  condi t ions a t  15 p s i a .  

I n  a non-vented s torage  system the h e a t  inleakage t o  the s t o r e d  

cryogen inc reases  i t s  i n t e r n a l  energy. As  shown i n  F igure  2, t he re  i s  

a r i s e  i n  p re s su re  w i t h i n  the  s torage  tanks commensurate wi th  t h e  i n -  

c r ease  i n  i n t e r n a l  energy. To the degree p o s s i b l e  i n s u l a t i o n  i s  app l i ed  

i n  amounts s u f f i c i e n t  t o  r e t a i n  the cryogen wi thout  exceeding the  p re s su re  

l i m i t s  of the  s t o r a g e  con ta ine r .  By making the  tank s t r o n g e r  (and 

heavier )  a lesser weight of i n s u l a t i o n  is  r equ i r ed  t o  preserve  the 

s t o r a g e .  Again, an  optimum combination of tank w a l l  th ickness  and i n -  

s u l a t i o n  th ickness  exis ts  f o r  minimum o v e r a l l  weight pena l ty .  However, 

f o r  most of the cases  of i n t e r e s t  i n  t h i s  s tudy ,  t h i s  optimum i s  aca- 

demic f o r  i t  projects tank w a l l  thicknesses l e s s  than those which a r e  

p r a c t i c a l  from the  s t andpo in t  of f a b r i c a t i n g  l e a k - t i g h t  v e s s e l s .  

Therefore ,  i n  t h i s  s tudy  a minimum w a l l  th ickness  requirement i s  i m -  

posed (.010 inch of  Titanium a l l o y  5AL-2.5SN) and the tank i s  allowed 

t o  p r e s s u r i z e  t o  w i t h i n  20 p s i  of a s a f e  ope ra t ing  pressure .  The 20 p s i  
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margin i s  f o r  expuls ion  gas p r e s s u r i z a t i o n  f o r  turbopump NPSH. I n  c a l -  

c u l a t i n g  the  s a f e  ope ra t ing  pressure ,  advantage i s  taken of the increased  

s t r e n g t h  p r o p e r t i e s  of t i t an ium a t  low temperatures .  I n  o the r  words the  

a l lowable  s t r e s s  l i m i t s  a r e  var ied  depending on the  temperature of t he  

s t o r e d  cryogen. I n  a d d i t i o n ,  the d e n s i t y  change accompanying t h e  p r e s -  

s u r e  inc rease  during the  s to rage  per iod  f o r  each cryogen, as w e l l  as 

u l l a g e  and outage requirements ,  a r e  accounted f o r  i n  s i z i n g  the s to rage  

v e s s e l s .  

The s t a r t  cond i t ion  f o r  the non-vented space s to rage  per iod  has  

been assumed t o  be 10 Btu per  pound above the t r i p l e  p o i n t  cond i t ion  f o r  

each cryogen i n  o rde r  t o  provide a margin f o r  hea t  in leakage  dur ing  

boos t -out  and e a r t h  o r b i t .  Also,  i n  c a l c u l a t i n g  the  al lowable hea t  

c a p a c i t y  of the s t o r e d  cryogens,  we have assumed a w e l l  s t i r r e d ,  i s o -  

thermal  f l u i d ,  To meet t h i s  requirement w i l l  probably r equ i r e  a u x i l i a r y  

s t i r r e r s  i n s t a l l e d  w i t h i n  the  s torage  tanks .  The weight pena l ty  f o r  

t hese  should be small and has  been neglec ted .  

I n  comparing the weight p e n a l t i e s  of non-vented v s ,  vented s to rage  

means w e  note  t h a t  s h o r t e r  s torage  per iods  and l a r g e r  cryogenic  tankage 

favor  the  non-vented means and v ice  ve r sa .  Ac tua l ly  where the  use of 

t h e  vented s to rage  means a lone  shows t o  advantage , one can demonstrate 

that a per iod  of non-vented s torage  followed by a per iod  of  vented 

s t o r a g e  r e s u l t s  i n  a l e s s e r  weight pena l ty .  Although combination 

s t o r a g e  would be appropr i a t e  t o  some of  t h e  cases  i n v e s t i g a t e d ,  the 

l i m i t e d  scope of our i nves t iga t ions  prevented paramet r ic  i n v e s t i g a t i o n  

of combined s t o r a g e  means. 
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The use of a r e f r i g e r a t o r  can r e s u l t  i n  a l e a s t  weight  s to rage  

system f o r  the  p re se rva t ion  of cryogenic p r o p e l l a n t s  i n  space f o r  long 

p e r i o d s ,  Where the use of a r e f r i g e r a t o r  becomes a p p r o p r i a t e  depends 

b a s i c a l l y  on the  type and amount of s t o r e d  p r o p e l l a n t  and the  mission.  

Where appropr i a t e ,  optimum combinations of i n s u l a t i o n  and r e f r i g e r a t i o n  

are t o  be used. An e lec t r ic  power source  having a capac i ty  measured i n  

hundreds o r  thousands of watts and a r a d i a t o r  f o r  h e a t  r e j e c t i o n  from 

the  r e f r i g e r a t o r  must be on board t o  supply the  r e f r i g e r a t o r .  F igure  3 

shows es t imated  weights of a space-borne r e f r i g e r a t i o n  system f o r  recon- 

dens ing  s e l e c t e d  cryogenic  p rope l l an t s .  This f i g u r e  r e s u l t s  from s t u d i e s  

w e  have made of t h i s  problem. Reference 4 is  an example of one. 

The weight of the  r e f r i g e r a t o r  s y s t e m  as i l l u s t r a t e d  inc ludes  the  power 

supply ,  power condi t ion ing  equipment, and space r a d i a t o r  es t imated  t o  

weigh a t o t a l  of 0 .1  pound p e r  watt  of power demand. R e f r i g e r a t o r s  t o  

meet the  requirements of long r e l i a b l e  ope ra t ion ,  small  s i z e  and weight ,  

and h igh  e f f i c i e n c y  demanded of  t h i s  a p p l i c a t i o n  are  n o t  now a v a i l a b l e .  

However , developments i n  space-borne r e f r i g e r a t o r s  i n  progress  give 

promise o f  meeting these  needs. 

I n  gene ra l ,  r e f r i g e r a t i o n  shows a weight advantage f i r s t  i n  the  

p r e s e r v a t i o n  of l i q u i d  hydrogen over the  o t h e r  cryogenic  p r o p e l l a n t s .  

A s  a r u l e  of thumb, w e  may say t h a t  r e f r i g e r a t i o n  of t h e  main p r o p e l l a n t s  

can be considered when the s torage  per iod  exceeds one year .  This  

r u l e  i s  ve ry  approximate;  methods have been developed 

whereby the  p o t e n t i a l  advantages of applying r e f r i g e r a t o r s  can be more 

p r e c i s e l y  q u a n t i f i e d .  I n  t h i s  study, the paramet r ic  e v a l u a t i o n  of the  

( 5) 
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a p p l i c a t i o n  of r e f r i g e r a t o r s  has n o t  been c a r r i e d  o u t .  Rather ,  we can 

i n t e r p r e t  the r e su l t s  of t h i s  i n v e s t i g a t i o n  i n  the l i g h t  of t hese  p r i o r  

s t u d i e s  and i n f e r  where the  a p p l i c a t i o n  of r e f r i g e r a t o r s  should be con- 

s i d e r e d  e 

E STRUCTURAL REQUIREMENTS 

The conf igu ra t ion  of the s t age  t h a t  w e  have adopted as a b a s i s  f o r  

a n a l y s i s  w a s  shown i n  F igu re  1. I t s  main dimensions are determined by 

the  tank diameters .  The l a t t e r  depend on the masses of the p r o p e l l a n t  

The loads app l i ed  t o  t h e  s t r u c t u r a l  members c o n s t i t u e n t s ,  b$ and M 

depend on the d i s t r i b u t i o n  of the masses, Therefore ,  once the  va r ious  

masses have been determined, i t  is  p o s s i b l e  t o  e s t i m a t e  the masses of 

t he  s t r u c t u r a l  components and, hence, the t o t a l  s t r u c t u r a l  mass M 

OX' 

STR' 

The manner i n  which M i s  dstermined can be desc r ibed  wi th  the STR 
use  of Figure 4 ,  The s t r u c t u r e  c o n s i s t s  of a n  aluminum s t r u c t u r a l  

s h e l l  divided i n t o  th ree  sec t ions .  Each of Sec t ions  I and I1 i s  cy- 

l i n d r i c a l  and of uniform s t r e n g t h  throughout i t s  l e n g t h ,  and designed 

f o r  the maximum bending load combined wi th  the  ( cons t an t )  t h r u s t  load 

imposed on t h a t  Sec t ion .  Sect ion I11 i s  c o n i c a l ,  b u t  i s  assumed f o r  

a n a l y t i c a l  s i m p l i c i t y  t o  be a cy l inde r  having the same l eng th  as the 

cone but  h a l f  the r a d i u s  of the main s h e l l .  

The masses of t he  va r ious  s t r u c t u r a l  s e c t i o n s  are c a l c u l a t e d  

For any c y l i n d r i c a l  u s ing  a procedure o u t l i n e d  by Sandorff ( 

s e c t i o n  under a x i a l  compressive t h r u s t ,  T ,  a s t r e n g t h  modulus r e q u i r e -  

ment, T/aR , is  c a l c u l a t e d ,  A curve (Figure 2 i n  Sandorff)  g ives  the 

product  "equivalent  s h e l l  thickness" t i m e s  d e n s i t y  over s h e l l  r a d i u s  

) 

2 
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as a func t ion  of the t h r u s t  modulus, f o r  s t r u c t u r a l  s h e l l s  s t i f f e n e d  

wi th  s t r i n g e r s  and r i n g s .  Since the l eng th  and r a d i u s  of the s h e l l  

a r e  known, the mass of the s e c t i o n  f o r  t h r u s t  i s  e a s i l y  obtained.  A 

similar  procedure (based on Figure 1 i n  Sandorff)  can be followed, 

u s ing  a moment modulus 2M/xR , to  o b t a i n  the  mass of the s e c t i o n  t o  3 

suppor t  a moment. The two masses are added. When t h e  masses of a l l  

t h r e e  s e c t i o n s  a r e  known, they a r e  added t o  form a f i r s t  e s t ima te  of 

s t r u c t u r a l  m a s s .  F i n a l l y ,  a 25 pe rcen t  i nc rease  i n  t h i s  f i r s t  e s t i m a t e  

i s  added t o  account f o r  l o c a l  reinforcements and s t r u c t u r a l  a d d i t i o n s  

f o r  tankage and expu l s ion  systems suppor t .  

1. Loading During Boost 

Sec t ion  I must a c c e l e r a t e  the payload t o  8 g i n  the a x i a l  

d i r e c t i o n  and g ive  s t r u c t u r a l  support  t o  a 2 g l a t e r a l  load (a t h r u s t  

of 8 %L and a moment of 2 %L RF)* 

Sec t ion  I1 must a c c e l e r a t e  the payload f u e l  tankage and expul- 

L + MFTX + M~~~ s i o n  system p l u s  i n s u l a t i o n  and f u e l  (a t h r u s t  of 8 (5 
+ I-$) and a moment of 2 MPL (' % + Rex) + (%Tx + M I N ~  + %) 
(% + Rex) 

Sec t ion  111 i s  i n  t ens ion  and must a c c e l e r a t e  the o x i d i z e r ,  

o x i d i z e r  tankage and expuls ion system p l u s  i n s u l a t i o n ,  engine,  and 

turbopump t o  8 g.  The moment requirements a r e  small, 

I n  a l l  cases  a lower l i m i t  of  0.025 inches w a s  imposed on the 

"equivalent  s h e l l  thicknesses"  of the t h r e e  s e c t i o n s  t o  g ive  some 

e f f e c t  t o  p r a c t i c a l  minimums imposed by the s t i p u l a t i o n  of a cont inu-  

ous shroud and needs f o r  f a b r i c a t i o n  and handl ing,  
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2 .  Loading During Terminal Thrust  

For a l l  cases considered,  the  t h r u s t  loads on Sect ions I and I1 

can be shown t o  be h ighes t  a t  burn-out. 

For Sec t ion  11, t h i s  loading i s  always less than t h a t  during 

boost .  Therefore ,  design f o r  boost cond i t ions  au tomat i ca l ly  s a t i s f i e s  

t he  requirements of terminal  t h r u s t .  

%L , For Sec t ion  I the t e rmina l  t h r u s t  loading a t  burn-out i s  u 

where u i s  the  s t a g e  mass r a t i o  ( r a t i o  of s t a g e  l i g h t - o f f  t o  burn-out 

masses).  This  t h r u s t  can be g r e a t e r  than the maximum boost t h r u s t  

load 8 %L s i n c e  when low I 

q u i r i n g  h i g h A V ,  u can be l a rge r  than 8. We have no t  taken account 

of t h i s  requirement,  bear ing i n  mind the fol lowing:  (a) MSTR i s  of 

t he  o rde r  of 1.5 pe rcen t  of M f o r  the low I p r o p e l l a n t s ;  (b) the 

hence, l e s s  than mass of Sec t ion  I i s  less than 30 pe rcen t  of M 

0.5 pe rcen t  of M (c) these percentages decrease as u inc reases  s i n c e  

the payload mass, which is  supported by S e c t i o n  I,  decreases  wi th  in -  

p r o p e l l a n t s  a r e  used f o r  missions re- 
SP 

G SP 

STR' 

G ;  

c r e a s i n g  va lues  of u ;  (d) i n  a l l  c a s e s ,  a 25 pe rcen t  weight f a c t o r  has  

been added t o  the  c a l c u l a t e d  value of the weight of s t r u c t u r e ,  t o  

STR account  f o r  r e i n f o r c e d  s e c t i o n s ;  e t c . ;  (e) the  c o r r e c t i o n  t o  M 

t h a t  would r e s u l t  i s  w i t h i n  the p o s s i b l e  e r r o r  and i s  a refinement 

n o t  warranced i n  the  p re sen t  study. 

For Sec t ion  I11 the terminal load i s  % i n  compression as cam- 

-!- % -!- %PA -!- MOTXI ' pared wi th  a boost  t e n s i l e  load of 8 (Mox 

Although the l a t t e r  i s  from two t o  seven times the  compressive load,  

S e c t i o n  111 w a s  designed f o r  compression, because e i t h e r  ( i )  the s h e l l  
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t h i ckness  r equ i r ed  by the t e n s i l e  load i s  below the minimum th i ckness  

and i s ,  t h e r e f o r e ,  u n r e a l i s  t i c ;  o r  (ii) the compressive loading c r i -  

t e r i o n  imposes the g r e a t e r  weight pena l ty .  

F ,  STORAGE TANKS 

For purposes of weight e s t ima t ion ,  we assume the s to rage  tanks a r e  

s p h e r i c a l  v e s s e l s  designed as  s t r e s s e d  membranes. The v e s s e l s  a r e  s i z e d  

t o  r e t a i n  the  r equ i r ed  amount of p r o p e l l a n t  t o  accomplish the mission i n  

i t s  least  dense cond i t ion  (a f a c t o r ,  a l though small, i n  t he  case of a 

non-vented s to rage )  p l u s  a 7 percent  volume allowance f o r  u l l a g e  and 

outage.  The tanks a r e  assumed t o  be made of 5 A1-2.5SN a l l o y  of t i -  

tanium and t o  have a w a l l  thickness of 0.010 inches ,  which thickness  i s  

c o n s i s t e n t  w i th  weight opt imizat ion.  A 35 pe rcen t  i n c r e a s e  i n  weight 

over t he  cons t an t  w a l l  th ickness  des ign  i s  added t o  account f o r  r e i n -  

forcements f o r  l o c a l  s t r e s s e s ,  i n t e r n a l  p i p i n g  and s l o s h  b a f f l e s .  

I n  the  case of non-vented s torage the maximum membrane s t r e s s e s  

are reached a t  t he  end of the coast  pe r iod .  A thermal p r o t e c t i o n  system 

i s  provided t o  l i m i t  the  i n t e r n a l  tank p res su re  p l u s  an  added allowance 

of 20 p s i  f o r  gas p r e s s u r i z a t i o n  t o  r e s u l t  i n  a des ign  s t r e s s  l e v e l  t h a t  

i s  80 pe rcen t  of the y i e l d  s t r e s s  a t  o p e r a t i n g  temperature.  

I n  the case of the vented s t o r a g e ,  maximum stress l e v e l s  a r e  

reached du r ing  boost-out and are below 80 perwi l t  of yield. 

I n  those i n s t a n c e s  where the compa tab i l i t y  of t i t an ium wi th  the  

p r o p e l l a n t  i s  ques t ionab le ,  f o r  i n s t a n c e ,  i t s  impact s e n s i t i v i t y  wi th  

oxygen and f l u o r i n e ,  one can s u b s t i t u t e  a .025 inch t h i c k  w a l l  of a 

h i g h  s t r e n g t h  aluminum a l l o y  such as 2014-T6 and f u l f i l l  the s t r e n g t h  
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requirements a t  an inc rease  i n  dry tankage weight of approximately 

50 percent .  

G o  EXPULSION SYSTEM 

The weight of the  expuls ion  system i s  comprised mainly of the 

weight of the  he l ium- f i l l ed  expulsion gas b o t t l e s .  

s t o r a g e  i n  t i t an ium b o t t l e s .  With equa l  s t r e s s  l i m i t s  f o r  the  pro-  

p e l l a n t  tanks and expuls ion  b o t t l e s ,  the  weight of t he  expuls ion  gas 

b o t t l e s  can be shown t o  be very  near ly  equa l  t o  the  p r o p e l l a n t  tanks ,  

and t h i s  e q u a l i t y  i s  assumed i n  o u r  eva lua t ions .  

o f  expuls ion  gas i s  15 pe rcen t  of t he  expuls ion gas b o t t l e s .  The 

weight f a c t o r ,  %x, shown i n  the  IBM p r i n t o u t  s h e e t  of r e s u l t s  presented  

i n  Sec t ion  K i s  the t o t a l  of t he  weights  of p r o p e l l a n t  tanks ,  expuls ion  

gas  b o t t l e s  and expuls ion  gas i n  r a t i o  100:100:15. 

H.  THE ENGINE 

We assume w a r m  gas 

I n  a d d i t i o n  the  weight 

% O f  
Two approaches sugges t  themselves i n  e s t ima t ing  the weight 

t he  engine assembly (exc lus ive  of t he  turbopump assembly).  I n  the  f i r s t  

approach, a des ign  a n a l y s i s  is gone through; t h i s  a n a l y s i s  must be 

r e a l i s t i c  and inc lude  a l l  elements necessary  t o  c a r r y  ou t  the func t ions  

of the engine and t o  meet the mechanical s t r e n g t h  and thermal (cooling) 

requirements .  I n  the  second approach, use i s  made of  information on 

existing engiile assemblies, with i n t e r p o l a t i o n  o r  e x t r e p o l a t i n n  where 

necessary .  

The des ign  of a rocke t  engine r e q u i r e s  a t t e n t i o n  t o  a cons iderable  

amount of d e t a i l ,  and, i n  our study, would have had t o  be repea ted  fo r  

a l a r g e  number of cases. One item, the  cool ing  system, involves  a 
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choice t h a t  depends on s e v e r a l  q u a n t i t i e s :  h e a t  t r a n s f e r  r a t e  t o  the  

nozz le ,  burning t i m e ,  chamber p re s su re .  Although r e l i a b l e  ground work 

was a l r e a d y  a v a i l a b l e  ( 7 ) ,  w e  chose not t o  adopt the design approach 

f o r  the fol lowing reasons: (a) the s t a t e  of the a r t  r e l a t i v e  t o  cool-  

i ng  methods i s  s t i l l  n o t  f i rm  enough t o  permit of g e n e r a l i z a t i o n ;  (b) 

the d i f f e r e n c e s  i n  % a s s o c i a t e d  wi th  d i f f e r e n t  coo l ing  methods are 

of the o rde r  of the e r r o r  which can be t o l e r a t e d  i n  e s t i m a t i n g  . % 
We n e g l e c t  v a r i a t i o n s  i n  the weights of the gas g e n e r a t o r ,  com- 

b u s t i o n  chamber, i n j e c t o r s  and manifolds,  and w e  assume coo l ing  tube 

walls of f i xed  th i ckness  ( t h i s  a c t u a l l y  minimizes the  weight of a regen- 

e r a t i v e  cool ing system). A s  a r e s u l t ,  i t  is  p o s s i b l e  t o  f i n d  a b a s i c  

r e l a t i o n s h i p  between % and the product:  

area, A t ) .  

General  ( 8 ,  , and i s  corroborated,  i n  t h a t  p o i n t s  t h a t  r e p r e s e n t  e x i s t -  

(chamber p r e s s u r e ,  Pc) x ( t h r o a t  

This  r e l a t i o n s h i p  has been p l o t t e d  i n  a r e p o r t  by Aero je t -  

i ng  engines  f a l l  c l o s e  t o  the t h e o r e t i c a l  curves .  We have adopted t h i s  

r e l a t i o n s h i p  i n  our e s t i m a t e  of . % 
The product P A i s  e q u a l ,  by d e f i n i t i o n ,  t o  the product of c t  

t h r u s t  (equal  i n  our case t o  M )  and the r a t i o :  c h a r a c t e r i s t i c  v e l -  

o c i t y  c over s p e c i f i c  impulse, I For  a l l  seven p r o p e l l a n t s  con- 
SP 

s i d e r e d ,  the r a t i o  c /I i s  found t o  va ry  by no more than 2 .5  pe rcen t  

about a mean va lue  of 0 ,524 .  Therefore,  i n  the r e l a t i o n s h i p  aiiggested 

by Aerojet-General ,  5 can be considered as depending on ly  on M 

Note t h a t  t h i s  dependence i s  not a f f e c t e d  by a choice of P 

G * 
* 

SP 

G "  

C 
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I. TURBOPUMP ASSEMBLY 

A procedure s i m i l a r  t o  t h a t  used f o r  the engine i s  app l i ed  t o  

e s t i m a t e  the mass, of t h e  turbopump assembly. We have considered 

s e p a r a t e  turbopump systems f o r  the f u e l  and the o x i d i z e r ,  and added the  

mass of each t o  form %A' 

I n  the Aerojet-General r epor t  ( , t he  mass of turbopump sys  tems 

i s  p l o t t e d  a g a i n s t  t he  r a t i o :  mass flow rate over (p rope l l an t  den.- 

s i t y ) O e 8 .  

d iv ided  by I - and aga in  the t h r u s t  equa l s  M Therefore ,  the t o t a l  

mass flow r a t e  can be found. Then, from a knowledge of the O/F r a t i o ,  

the mass flow r a t e  of each c o n s t i t u e n t  i s  c a l c u l a t e d .  Using a mean 

d e n s i t y  f o r  the f u e l  and one f o r  the o x i d i z e r  (employing the proper 

u n i t s  as c a l l e d  f o r  i n  r e fe rence  9 ) ,  r a i s i n g  these  va lues  t o  the 

power 0.8,  and d i v i d i n g  the r e s u l t s  i n t o  the  r e s p e c t i v e  mass flow r a t e s ,  

one o b t a i n s  values  wi th  which to  determine the weight of the turbopump 

sys  tems . 
J .  SPECIAL CASES 

The t o t a l  mass flow r a t e  o f  p r o p e l l a n t  i s  simply the t h r u s t  

SP ' G '  

I n  t h i s  s e c t i o n  we w i l l  consider  two s i t u a t i o n s  i n  which the  even t s  

i n  a t r i p  t o  space d e p a r t  i n  some way from the s tandard sequence adopted 

throughout the remainder of the r e p o r t .  I n  the f i r s t  of these s i t u a t i o n s ,  

p a r t  of the s t r u c t u r a l  s h e l l  i s  j e t t i s o n e d  j u s t  before  the  t e rmina l  man- 

euve r .  The second s i t u a t i o n  involves en  upper s t a g e  t h a t  has escaped 

from e a r t h  wi th  p r o p e l l a n t  tanks only p a r t i a l l y  f u l l .  

1. J e t t i s o n i n g  of S t r u c t u r e  

From the d i s c u s s i o n  i n  Sect ion E ,  S t r u c t u r a l  Requirements, i t  i s  

30 



c l e a r  t h a t  the mass of Sec t ion  I1 of the s t r u c t u r e  i s  governed by the 

maximum t h r u s t  imposed during boost. I n  f a c t ,  the  t e rmina l  load on 

Sec t ion  I1 i s  so  s m a l l  compared to  t he  boost  load (p lus  moment) t h a t  i t  

( t h e  t e rmina l  load) could be t ransmit ted by some l igh t -we igh t  i n t e r n a l  

s t r u t  arrangement. This  suggests  t h a t  a l a r g e  f r a c t i o n  of Sec t ion  11, 

which accounts f o r  about 60 percent of M 

the terminal  maneuver. This  procedure w i l l  always l e a d  t o  inc reased  

payload f o r  a given M 

e f f e c t ,  and, hence, w i l l  be  most worthwhile, on missions involving a 

s m a l l  payload f r a c t i o n  ( l a r g e  mass r a t i o  u ) .  

might be j e t t i s o n e d  be fo re  STR’ 

b u t  w i l l  produce a p a r t i c u l a r l y  s i g n i f i c a n t  
G’ 

o( M ~ ~ ~ ’  
Suppose t h a t  a f r a c t i o n  o( of the mass of s t r u c t u r e ,  or  

i s  j e t t i s o n e d  j u s t  be fo re  the terminal maneuver. Then the l i g h t - o f f  

mass w i l l  be M G 

p e l l a n t  w i l l  be 

f o r e ,  s i n c e  the 

need c a r r y  less 

- 
G” 

(MG - o( M ) (1 - ;I ) i n s t e a d  of M ( 1  - ) STR G 

v e h i c l e  escapes from e a r t h  wi th  a f i x e d  mass M and 

p r o p e l l a n t ,  t he  ga in  can be t r a n s f e r r e d  d i r e c t l y  t o  in -  

d MSTR instead of M The r equ i r ed  amount of pro-  

There- 1 1 

G ’  

c r e a s i n g  the payload. This  i nc rease  i s  d M  (1 - l / u ) .  O f  course,  

we have not considered changes i n  s t a g e  mass due t o  changes i n  the  

tank s i z e s ,  b o i l - o f f ,  i n s u l a t i o n ,  e t c . ;  t hese  a r e  of second o rde r  i m -  

por tance . 

STR 

2 .  Earth Escape w i t h  a F rac t ion  of the 
P r o p e l l a n t  Previous ly U t i l i z e d  

Consider a space v e h i c l e  en te r ing  an i n t e r p l a n e t a r y  o r b i t  on a 

given mission,  b u t  w i th  i t s  tanks only p a r t i a l l y  f i l l e d  wi th  l i q u i d .  

T h i s  s i t u a t i o n  could be the  resul t  of s e v e r a l  p o s s i b l e  c i rcumstances,  

b u t  i n  the p r e s e n t  d i s c u s s i o n  the missing p r o p e l l a n t  i s  considered as 
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having been used during the ear th-escape maneuver. 

The use of the upper s t a g e ,  i n  l i e u  of the heav ie r  s econd- to - l a s t  

s t a g e ,  t o  c o n t a i n  p r o p e l l a n t  f o r  completing e a r t h  e scape ,  w i l l  undoubt- 

e d l y  r e s u l t  i n  an  inc rease  i n  payload-to-launch weight r a t i o .  However, 

s i n c e  the  de t e rmina t ion  of t h a t  e f f e c t  i s  beyond the  scope of the p re sen t  

a n a l y s i s ,  we t reat  he re  only the performance of the upper s t a g e ;  t h i s  

information can l a t e r  be used t o  e v a l u a t e  t o t a l  system performance. 

A s  a b a s i s  f o r  a n a l y s i s ,  we consider  an upper-s tage v e h i c l e  designed 

f o r  a given va lue  of g ross  mass and a given mission,  u s ing  a given pro- 

p e l l a n t  with vented s t o r a g e .  S p e c i f i c a t i o n  of the mission and p r o p e l l a n t  ' 

imp l i e s  the s p e c i f i c a t i o n  of the mass r a t i o  u and the  amount of pro- 

p e l l a n t  r equ i r ed  f o r  the mission wi th  f u l l  tanks.  Also implied a r e  the 

masses of a l l  elements i n  the veh ic l e ,  based on f u l l  tanks a t  e a r t h  

escape ; t h i s  includes the  payload %L and %om 

%L If we now decrease the mass of p r o p e l l a n t  5 a t  e a r t h  escape,  

must decrease.  The r e l a t i o n s h i p  between these two masses i s  simple f o r  

t h e  case  of vented s t o r a g e  of p r o p e l l a n t s :  the amount of b o i l - o f f  i s  

unchanged. The mass r a t i o  u may then be expressed as u n i t y  p l u s  the 

r a t i o  Mp/(5L + %IXED) , where the last  t e r m  i n  b racke t s  r e p r e s e n t s  

t h e  t o t a l  f i xed  mass of t he  veh ic l e  elements.  Since u i s  s p e c i f i e d  

for a given missinn,  s o  i s  the above r a t i o ;  moreover i t s  va lue  i s  

g iven  (equal t o  u-1).  This  i s  the r e l a t i o n  between 

t h a t  we s h a l l  use.  

% and %L 
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Since we a r e  consider ing an upper s t a g e  v e h i c l e  designed f o r  a 

given va lue  of gross  mass, and s ince  a l l  elements except  the payload 

r e t a i n  t h e i r  r e s p e c t i v e  masses before any of the p r o p e l l a n t  i s  used, 

the g ross  m a s s  w i l l  be l e s s  than the  des ign  va lue  by the decrease i n  

$L. 
mass less the amount of p rope l l an t  used be fo re  e a r t h  escape. The 

r a t i o  of t hese  two q u a n t i t i e s  (reduced g r o s s  mass divided by the 

e a r t h  escape mass) i s  the mass r a t i o  a s s o c i a t e d  wi th  the maneuver 

i n  which the missing p r o p e l l a n t  was used. This  mass r a t i o ,  t oge the r  

w i t h  I f o r  the p r o p e l l a n t  i n  quest ion,  determines the v e l o c i t y  i n -  

crement A V 

The v e h i c l e  mass a t  e a r t h  escape w i l l  equal  the reduced g ross  

SP 
given the upper s t age  during the ear th-escape maneuver. e 
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K, RESULTS 

1. Nomenclature 

For convenience of i n t e r p r e t a t i o n ,  the  nomenclature used i n  our  

eva lua t ions  as i l l u s t r a t e d  i n  the IBM p r i n t o u t  of r e s u l t s  i s  r epea ted ,  

ISP - s p e c i f i c  impulse 

I T 0  - average s o l a r  i n t e n s i t y  t imes s t a y  time i n  space 

M BO - t o t a l  mass of p rope l l an t  l o s t  due b o i l - o f f  (vented 
s torage)  

M ENG - mass of engine 

M INS - t o t a l  mass of i n s u l a t i o n  on cryogenic  p r o p e l l a n t  tanks 

A - Class A 

B - Class B 

M PAY - mass of payload 

M PU - t o t a l  mass of p rope l l an t  used i n  te rmina l  maneuver 

M PRO - t o t a l  mass of p rope l l an t  a t  escape from e a r t h  o r b i t  

M STR - mass of support  s t r u c t u r e  

M TPA - mass of propel lan t  turbopump assemblies  

M TX - t o t a l  mass of p rope l l an t  tankage and .expuls ion  system 

TO - s t a y  time i n  space ( coas t  per iod)  

2.  Parametr ic  Evalua t ions  

Tables  IIA, I I B ,  and I I C  summarize the r e s u l t s  of paramet r ic  

eva lua t ions .  The use of high energy cryogenic  p r o p e l l a n t s  show a 

payload advantage i n  all cases covered i n  the  parametr ic  matrix except  

p o s s i b l y  f o r  t he  hydrogen-oxygen combination i n  s m a l l  g ross  weight 

v e h i c l e s  i n  miss ions  wi th  a terminal  maneuver c a l l i n g  f o r  a h igh  ve lo -  

c i t y  increment.  The r e l a t i v e l y  h igh  s p e c i f i c  impulse of  the  hydrogen- 
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oxygen combination and i t s  a t t endan t  p o t e n t i a l  payload advantage i s  com- 

promised by the need f o r  bulky hydrogen tankage leading  t o  increased 

weight p e n a l t i e s  f o r  i n s u l a t i o n ,  expuls ion  system and s t r u c t u r e .  The 

tJse of  the  hydrogen-f luorine combination shows the  h i g h e s t  p o t e n t i a l  

t r a n s p o r t  c a p a b i l i t y  i n  a l l  cases  except  one wi th  the  diborane-oxygen 

d i f l u o r i d e  combination next  i n  rank order .  

I n  i n t e r p r e t i n g  these  r e s u l t s  i t  must be noted t h a t  they cover 

cases  only where the  t o t a l  hea t  inleakage through the  i n s u l a t i n g  b lanket  

dominates o the r  sources .  I n  poss ib le  cases  of i n t e r e s t  involving long 

c o a s t  per iods  and small  p rope l l an t  q u a n t i t i e s  p a r t i c u l a r l y ,  t h i s  con- 

d i t i o n  may be v i o l a t e d .  This  l i m i t a t i o n  has  been removed i n  the  eva l -  

u a t i o n  of  s p e c i f i c  missions and the  r e s u l t  can have a marked inf luence  

as shown i n  the succeeding paragraphs. 

3 .  S p e c i f i c  Missions 

Tables I11 through V I 1 1  and Tables I X  through X I V  summarize the  

r e s u l t s  of c a l c u l a t i o n s  g iv ing  payload estimates f o r  s p e c i f i c  missions 

us ing  non-vented and vented p rope l l an t  s to rage  methods, r e spec t ive ly .  

The r e s u l t i n g  payload e s t ima tes  are i l l u s t r a t e d  i n  the  bar  c h a r t s  of 

F igu res  5 through 10. 

W e  note  t h a t ,  i n  gene ra l ,  the h igh  energy cryogenic  p r o p e l l a n t s  

show g r e a t e r  t r a n s p o r t  c a p a b i l i t i e s  than the  e a r t h  s t o r a b l e  p r o p e l l a n t s .  

The use of e i t h e r  the  hydrogen-fluorine and diborane-oxygen d i f l u o r i d e  

combinations resul ts  i n  the g r e a t e s t  payload i n  every  case .  The a p p l i -  

c a t i o n  of the  f u l l y  mixed, non-vented method of s to rage  r e s u l t s  i n  the  

g r e a t e s t  payload i n  a l l  cases  except one. 
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I n  a number of cases  f o r  the J u p i t e r  mission,  h e a t  inleakages v i a  

pa ths  not c o n t r o l l e d  by the i n s u l a t i o n  b l anke t  lead t o  p re s su re  i n -  

c r e a s e s  i n  the non-vented cryogenic p r o p e l l a n t  s t o r a g e  con ta ine r s  g r e a t e r  

than the l i m i t s  s e t .  I n  these  cases we might expect  t o  be a b l e  t o  

t r a n s p o r t  measurable payloads ( p a r t i c u l a r l y  f o r  t he  l a r g e r  v e h i c l e s )  

by designing the v e h i c l e  expres s ly  f o r  t he  mission;  t h a t  i s ,  t ak ing  

s p e c i a l  pains  t o  reduced f i x e d  hea t  l e a k s ,  i nc reas ing  the p re s su re  

c a p a b i l i t i e s  of the s t o r a g e  tanks,  e t c .  S i m i l a r l y ,  by t a i l o r e d  v e h i c l e  

d e s i g n ,  t he  payload p o t e n t i a l s  r e s u l t i n g  from the use of vented s t o r a g e  

would be enhanced. Here, we have evidence of the l i m i t a t i o n s  of 

pa rame t r i c  ana lyses .  Also ,  we would expect  t he  a p p l i c a t i o n  of r e -  

f r i g e r a t o r s  t o  inc rease  the payloads f o r  the J u p i t e r  mission. 

Of the cryogenic p r o p e l l a n t s ,  the methane-oxygen d i f l u o r i d e  and 

the  diborane-oxygen d i f l u o r i d e  combinations have phys ica l  c h a r a c t e r i s t i c s  

which r e s u l t  i n  compact v e h i c l e  des ign  and ease  the  space s t o r a g e  

problem. Their  r e l a t i v e  advantages i n  these regards show up i n  cases  

where the p e n a l t i e s  of space s to rage  are p a r t i c u l a r l y  g r e a t ,  f o r  i n -  

s t a n c e ,  i n  the  So la r  and J u p i t e r  missions,, The b e t t e r  space s t o r a b i l i t y  

of diborane (oxygen d i f l u o r i d e )  w i t h  r e s p e c t  t o  hydrogen ( f l u o r i n e )  

i s  r e s p o n s i b l e  i n  those instances where i t s  use shows a g r e a t e r  t r a n s -  

p o r t  c a p a b i l i t y .  

F i n a l l y ,  we note  the r e l a t i v e l y  poor t r a n s p o r t  c a p a b i l i t y  of the 

hydrogen-oxygen combinations compared t o  the o t h e r  h igh  energy pro- 

p e l l a n t s ,  The b a s i c  reason f o r  t h i s  i s  the  r e l a t i v e l y  l a r g e  f u e l  tank- 

age r equ i r ed .  This  l a r g e r  tankage r e q u i r e s  more s t r u c t u r e ,  more i n s u l a -  
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t i o n ,  and a g r e a t e r  weight of expuls ion system, a l l  of which s u b t r a c t  

from the  payload. 

4, Spec ia l  Cases 

a .  J e t t i s o n i n g  of  P a r t  of the  S t r u c t u r e  

The ga in  i n  payload made poss ib le  by j e t t i s o n i n g  a l a r g e  f ixed  

f r a c t i o n  (one h a l f )  of the s t r u c t u r e  j u s t  before  the  te rmina l  maneuver, 

i s  shown i n  Table X V ,  f o r  a s o l a r  o r b i t  mission.  This  mission w a s  

chosen because of the h igh  mass r a t i o  u a s s o c i a t e d  wi th  i t ,  and the  

r e s u l t i n g  small payload r a t i o .  I t  i s  seen t h a t  t he  increased payload 

c a p a b i l i t y  i s  s i g n i f i c a n t ,  e s p e c i a l l y  f o r  p r o p e l l a n t s  of low d e n s i t y ,  

g iv ing  heavy s t r u c t u r e s .  

b .  E a r t h  Escape wi th  P a r t i a l l y  F i l l e d  Tanks 

Table XVI shows the  e f f e c t  of us ing  an  upper s t a g e  v e h i c l e ,  

designed t o  ope ra t e  from e a r t h  escape,  t o  perform a p o r t i o n  of the  

e a r t h  escape maneuver, This  veh ic l e  w a s  designed f o r  a Mars c a p t u r e ,  

w i th  a gross  mass a t  e a r t h  escape of 40,000 l b s . ,  wi th  f u l l  H2/F2 

tanks  (see Table X I I I ) .  

Mp’ The independent v a r i a b l e  chosen i s  the  amount of p r o p e l l a n t  , 

remaining a f t e r  t he  e a r t h  escape maneuver. The o t h e r  t h ree  v a r i a b l e s  

shown i n  Table  X V I  are funct ions of I$,. The payload, MpL, of course ,  

decreases  a s  Mp decreases ,  s i n c e  t h e  Mars capture  maneuver, w i th  

H /F , i nvo lves  a f i x e d  mass r a t i o .  For  the  same reason,  a non-zero 

amount of p r o p e l l a n t  would be required even i f  t he  payload were zero .  

2 2  

decreases  by the  same amount MG(ACTUAL) ’ The a c t u a l  gross  mass, 

%L as does 
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P r o p e l l a n t  

H2 - O 2  

H2 - F2 

CH4 - OF2 

H2 - OF2 

N2H4 - N2°4 

A50 - N 2 0 4  

B2H6 - OF2 

TABLE XV 

GAIN I N  PAYLOAD BY JETTISONING PART OF THE STRUCTURE 

Mission: S o l a r  O r b i t  

MG : 40,000 l b .  

.A V: 35,700 f t / s e c .  

0 . 5  (extreme case  - h a l f  the  
s t r u c t u r e  mass j e t t i s o n e d )  

d :  

Insu la t ion :  Class A (non-vented s torage)  

O r i g i n a l  New 
1 

%L Isp (s-1 u d(1- - 1 MSTR A%L %L - - -- U - 
440 12.4 .460 1075 495 383 878 

459 1 1 . 2  .455 605 275 1654 1929 

4 10 15.0 .466 361 168 1501 1669 

450 11.8 .458 814 373 1097 1470 

333 28.0 .481 530 256 154 410 

332 28 .1  ,482 447 216 233 449 

429 13.3 ,462 464 217 1723 1940 
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TABLE XVI 

PAYLOAD TO MARS, ACTUAL GROSS MASS (FULL TANKS) 
AND VELOCITY INCREMENT AVAILABLE FOR EARTH ESCAPE 
VS.  PROPELLANT MASS LEFT I N  TANKS AT EARTH ESCAPE 

D e s i g n  gross mass: 40,000 l b s .  

P rope l l an t  : 

A V  ( M a r s  C a p t u r e ) :  8,640 f t / s ec ,  

V e n t e d  S t o r a g e ,  Class A I n s u l a t i o n  

H2/F2 

M a s s e s  i n  1b.m. 

19,053 19 ,105 

1 5 , 0 2 3  14 ,038 

1 0 , 0 2 3  7 ,728 

4 ,953 1,397 

3 ,853 0 

A V ~  ( f  t/sec) M~ (ACTUAL) 

40,000 0 

34,933 1 800 

28,623 5 ,600 

22,292 14 ,700 

20 895 19 ,200 
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The v e l o c i t y  increment,  A V e ,  a v a i l a b l e  f o r  the e a r t h  escape 

maneuver, becomes apprec iab le  only when %L has  been g r e a t l y  reduced. 

However, even such reduced payloads may be i n t e r e s t i n g .  F i n a l l y ,  fo r  

t he  des ign  gross  mass chosen, an upper s t a g e  v e h i c l e  weighing about  

22,000 l b s . ,  could ,  wi th  some help (an a d d i t i o n a l A V  of about  4,000 

f t / s e c ) ,  escape from an  e a r t h  parking o r b i t  and d e l i v e r  about  1,000 

l b s .  of payload t o  capture  around Mars. 
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